Introduction {#s0005}
============

30.3 million (9.4%) of American adults has diabetes, and there are 1.5 million more Americans diagnosed every year. An estimated 7.2 million Americans with diabetes remain undiagnosed [@b0005]. Healthcare spending for people with diabetes is approximately 2.3 times greater than spending without the disease, and about \$9600 per year is spent on patients with diabetes.

To increase diagnostic and therapeutic accuracy and to lower costs, the American Diabetes Association and the European Association for the Study of Diabetes have jointly recommended more individualized diabetes evaluation and treatment to prevent unintended harm from poor glycemic control [@b0010], [@b0015]. Following individualized glycemic control treatments rather than general recommendations would save almost \$14,000 per patient per year [@b0020].

Glycated hemoglobin, specifically hemoglobin A1c (HbA1c), is widely used to measure and track hyperglycemia in patients with pre-diabetes and diabetes. Lower diabetes-related medical care costs are associated with lower HbA1c levels [@b0025]. HbA1c testing measures average levels of glycated hemoglobin over two to three months [@b0030] and thus has limitations in the presence of recent and/or short-term fluctuations in glucose levels that also lead to vascular damage [@b0035]. A recent abstract, for example, indicates that HbA1c underestimates the prevalence of poor glucose control, especially among different races and ethnicities [@b0040].

HbA1c incompletely describes post-prandial and co-morbidity induced glycemic excursions [@b0045], [@b0050]. Of equal or greater importance, patients with diabetes may be prescribed drug treatments that increase insulin resistance and are missed with HbA1c testing [@b0055], [@b0060]. HbA1c is also misleading in other conditions such as patients who have just received a blood transfusion or pregnant women. In particular, missing impaired insulin sensitivity due to drug use can lead to excess risk of hypoglycemia, diabetic ketoacidosis and coma [@b0055].

One test, which has been widely available since it was approved for short-term glucose monitoring by the FDA in 2003 is 1-5-anhydroglucitol (1,5-AG). 1,5-AG is sensitive to changes in glycemic control for the prior one to two weeks and is used in diabetes disease management to uncover early changes in glycemic control and post-prandial glucose excursions. Low 1,5-AG (\<6.0 μg/mL) is predictive of an increased risk of coronary heart disease, stroke, heart failure, and death, even after adjusting for Hb1Ac [@b0065].

Introducing another glucose measure beyond Hb1Ac to manage diabetes and recommend treatment could uncover the populations of patients with recent changes in their glycemic control and positively contribute to more individualized glycemic control for patients with diabetes otherwise missed by HbA1c. 1,5-AG testing does not require fasting and it reveals poor glycemic control in the preceding weeks and glycemic excursions not typically reported through Hb1Ac measurement. We report on the prospective GLUCAR (GLUcose Control using 1,5-Anhydroglucitol Randomized) trial on a group of simulated patients to see if we could experimentally determine whether using this diabetes diagnostic tool increases the clinical recognition and improves the treatment of type II diabetes mellitus with poor, short-term glycemic control.

Methods {#s0010}
=======

The GLUCAR clinical trial of clinical care was conducted between November 2018 and February 2019. Using simulated patients, we examined how primary care physicians (PCPs) cared for patients with diabetes in the United States before and after introducing a new biomarker test for hyperglycemia that measures 1,5-AG. We collected two rounds of clinical data on diabetes diagnosis, disease stage categorization, and recognition of complications due to diabetes with and without the new biomarker test. To control for patient variability and focus on physician practice in this study, all participants cared for the same six Clinical Performance and Value (CPV) vignettes---a validated, online patient simulation platform [@b0070], [@b0075]. In each round, physicians cared for three of the patient simulations, who present with short term changes in their glucose control from various causes: glycemic excursions due to either postprandial hyperglycemia requiring an increase in their hypoglycemic therapy (case \#1) or post prandial hypoglycemia requiring a decrease in oral hypoglycemic agents (OHA, case \#2) or their insulin (case \#3), hyperglycemia following the initiation of steroid therapy (i.e., prednisone in case \#4) or anemia treated with a transfusion (case \#5), and gestational diabetes (case \#6). Using these 6 simulated CPV cases, we determined whether use of the 1,5-AG test changed the quality of the overall care, diagnosis and/or treatment.

Ethics {#s0015}
------

This study was conducted in accordance with ethical standards, approved by the Advarra Institutional Review Board, Columbia, MD, and listed in clinicaltrials.gov (NCT03765164). We obtained informed consent from all study participants.

Physician selection {#s0020}
-------------------

From a list of over 25,000 practicing PCPs, we randomly recruited a nationally representative (regional geography, age, gender, and practice size) sample of 156 physicians in the first round. From this group, 145 physicians completed the second round. To be eligible for participation, physicians had to be: (1) be board-certified in either internal or family medicine, (2) have between two and 40 years of post-residency or post-fellowship practice, (3) have an active panel of patients and see at least 40 patients per week, and (4) have at least 15% of their patients receiving diabetes care. If the physician met the eligibility criteria and completed a six-question questionnaire, the physician would be invited to participate. Participants were randomized into two groups, control and intervention, with a 1:1 ratio. The intervention was delivered approximately three weeks after the first round was completed. The intervention included review of the following five materials: (1) an on-demand, online video of the 1,5-AG test, (2) a test results interpretation guide, (3) example test results, (4) an example case study, and (5) a test brochure. We tracked participant review of all materials. Approximately two weeks after the intervention group received education materials, all providers received three more simulated patients with similar characteristics as those in the first round.

Clinical performance and value (CPV) cases {#s0025}
------------------------------------------

CPV vignettes are a well-known patient simulation platform that have been validated against standardized patients and known to reflect actual clinical care [@b0070], [@b0080]. Over the past two decades, CPV patients have been used to evaluate and compare clinical practice of physicians and other clinical providers [@b0085], [@b0090], [@b0095]. Vignette scores that improve 3--5% over time are known to be clinically significant, reflecting actual change in real patients [@b0100]. The vignette is open-ended, and the CPVs are divided into five domains of care: (1) taking a history, (2) performing a physical, (3) ordering diagnostic workup, and (4) making a diagnosis with (5) a treatment plan and follow-up.

A team of physicians designed each case to resemble a typical patient with diabetes visiting their PCP to better understand how their short-term glycemic control affects diagnosis and treatment (diagnosis + treatment). Before starting on treatment, each vignette queried the PCP, asking if they felt that based upon the work up and their diagnosis if they felt that the patient was under good glycemic control. Each vignette had between 61 and 81 evidence-based criteria evaluated. Two independent physician scorers use explicit, pre-determined criteria with a third physician adjudicating in the case of a disagreement on any of the individual criteria to measure physician care. With these measurements, an overall score and a care score in three specific clinical domains: ordering diagnostic workup, making the diagnosis, and developing and outlining a treatment plan for these diabetes case types.

Analysis {#s0030}
--------

The primary outcome was to determine whether use of the 1,5-AG demonstrated clinical utility and improved patient care through (a) better identification of the etiology of the short-term changes in glycemic control, (b) better treatment of the patient, and (c) appropriate changes in medication management in response to the glycemic excursions within the three case types noted above. We also wished to know whether providers correctly understood the level of glycemic control of their patients. For categorical outcome outcomes, we used Fisher's exact test and logistic regression for multivariate modeling. For analyses involving continuous outcomes, *t*-tests and linear regression modeling were performed. All analyses were performed in Stata 14.2.

Results {#s0035}
=======

A total of 145 board-certified family or internal medicine primary care physicians met the eligibility criteria and completed both rounds of data collection ([Table 1](#t0005){ref-type="table"}). At baseline the two groups had similar demographic characteristics. The modal practitioner was male, specialized in internal medicine, practiced in a suburban setting, was between the ages of 40 and 55, had 21.2 years of experience, and had just more than 30% of their patients with diabetes.Table 1Physician characteristics.ControlInterventionp-ValueN7372--  Male84.9%75.0%0.151Internal Medicine54.8%50.0%0.619  *Age Group*\<406.9%4.2%0.61940--5561.6%58.3%\>5531.5%37.5%  *Region*Midwest27.4%18.1%0.345Northeast23.3%18.1%South30.1%41.7%West19.2%22.2%  *Practice locale*Urban19.2%33.3%0.101Suburban61.6%45.8%Rural19.2%22.2%  *Practice setting (providers could select more than one)*ACO and/or HMO19.2%16.7%0.829Private practice, solo or group91.8%88.9%0.587Hospital/Int Delivery8.2%15.3%0.207Other0.0%0.0%1.000Employed by practice69.9%76.4%0.455Receive quality bonus43.8%54.2%0.246Years in practice21.0 + 6.621.3 + 6.20.745Active panel size3027 + 14133069 + 14030.856Patients with diabetes30.7% + 15.0%32.7% + 17.6%0.454

Prior to introducing the 1,5-AG test, there was no significant difference in the way the two groups cared for the six simulated patients. Their overall quality scores, which reflected their adherence to evidence-based practice, was similar (50.9% for controls vs. 51.4% for intervention, p = 0.594) and, as has been reported elsewhere, there was wide variation in their practice as a group (Peabody, et al 2019). When we looked at their performance in more detail, diagnostic accuracy was similar in the two groups (80.1% for intervention vs 84.5% for controls, p = 0.259), as was their ability to diagnose the etiology of the poor glycemic control (35.2% vs. 36.5%, p = 0.842).

After introduction of the 1,5-AG test, the overall quality of care improved 2.7% in the intervention group versus controls (p = 0.070) ([Table 2](#t0010){ref-type="table"}). In a multivariate regression model, which controlled for physician, practice, and patient characteristics, the overall quality score among the intervention providers was +3.2% higher (p = 0.025) ([Table 3](#t0015){ref-type="table"}). Among all of the cases, we found that 1,5-AG was most helpful in patients started on prednisone (case \#4), with intervention providers scoring +11.2% higher than controls (p = 0.001). When we aggregated two cases (\#2 and \#3) where the patient was experiencing hypoglycemia, 1,5-AG testing improved the overall quality score by 4.9% (p = 0.040). However, when we examined the changes in our primary outcomes (identification of etiology and appropriate changes in medication management), we found few significant differences. In case \#3, where the patient had morning hypoglycemia, we found intervention providers improved in the difference-in-difference for these primary outcomes, but significantly only for etiology (etiology: +43.9%, p = 0.006; medication change: +13.1%, p = 0.347).Table 2CPV results for selected items.ControlInterventionp-valuedifference-in-difference p-valueRound 150.9% + 10.0%51.4% + 11.1%0.5940.070Round 248.9% + 10.8%52.1% + 12.3%0.003p-value0.0410.548  *Diagnosis-treatment performance*Round 129.1% + 12.3%31.7% + 13.4%0.0310.070Round 231.9% + 12.2%35.0% + 15.0%0.018p-value0.0180.018  *Diagnosis of diabetes*Round 184.5%80.1%0.2590.889Round 294.1%91.7%0.357p-value0.0020.001  *Diagnosis of etiology*Round 136.5%35.2%0.8420.483Round 240.6%44.0%0.498p-value0.4320.076  *Glycemic control*Round 144.8%44.4%1.0000.001Round 244.3%24.1%\<0.001p-value1.000\<0.001  *Primary medical treatment*Round 157.5%62.0%0.3790.798Round 261.6%64.4%0.620p-value0.4360.690  *Unnecessary workup, \#*Round 10.8 + 1.11.0 + 1.30.2200.053Round 20.8 + 1.10.6 + 1.00.087p-value0.8970.003  *Unnecessary workup, \$*Round 1\$54 + \$100\$78 + \$1560.0560.003Round 2\$60 + \$116\$37 + \$870.019p-value0.554\<0.001Table 3The impact of 1,5-AG on overall and diagnosis + treatment scores.Total ScoreDiagnosis + TreatmentCoefficientp-valueCoef.P \> tMale−1.90.039−2.20.047Internal medicine−3.90.000−3.20.000Age \< 40−6.00.001−6.50.002South region2.80.0001.30.162Urban practice3.50.0002.70.008ACO/HMO practice4.40.0004.20.000Hospital practice7.40.00013.10.000Male CPV patient5.60.0008.70.000CPV patient age \< 60−3.30.0070.70.647  *Case Type*Post-prandial excursionRef.--Ref.--Medication changes0.40.753−3.20.018Co-morbidity5.50.0000.00.979  Round 2−2.00.0442.90.013Intervention arm−1.30.1930.60.605  Round 2 \* Intervention3.20.0251.10.507  Constant48.40.00026.00.000

We then looked at the final primary outcome: whether care improved in the diagnosis + treatment domains with intervention. Across all cases, scores modestly improved but this was not statistically or clinically significant (+0.5%, p = 0.507). By case type, the only statistical (and clinical) improvement (+8.8%, p = 0.031) was seen in case \#4 (prednisone induced hyperglycemia) indicating that, while it helped clarify care here, 1,5-AG test results did not more generally make a significant difference in the other cases of poor short-term glycemic control we investigated. In cases 2 and 3, where we saw significant improvements in overall quality scores, we found no significant improvements for either case (case 2: +8.9%, p = 0.079 and case 3: +0.4%, p = 0.912).

Based upon this, we examined whether use of the 1,5-AG results improved the accuracy of identifying the underlying etiology of the poor short-term glycemic control. At study outset, both control and intervention providers were similarly challenged in determining the underlying etiology (36.5% for control and 35.2% for intervention, p = 0.842). Post-intervention, both study arms improved and, in a difference-in-difference calculation, we found that intervention providers improved +4.7%, but this did not prove significant (p = 0.483) ([Table 2](#t0010){ref-type="table"}). In the multivariate logistic model, we also found no difference in the intervention group's ability to diagnose the etiology of the glycemic variability compared to control (O.R. 1.3, 95% C.I. 0.7--2.3) across all cases ([Table 4](#t0020){ref-type="table"}). In case \#3, however, we did we see a significant difference, with intervention providers using 1,5-AG more likely to ascertain the correct etiology compared to controls (O.R. 7.3, 95% C.I. 1.8--30.2). Similarly, we wanted to determine if testing with 1,5-AG led to correctly modifying the patient's hypoglycemic agents. Intervention providers did not perform better than control providers (O.R. 1.0, 95% C.I. 0.6--1.8) either overall or by individual case type, where we found no significant difference between the groups ([Table 4](#t0020){ref-type="table"}).Table 4The impact of 1,5-AG on correctly identifying etiology and primary treatment.EtiologyPrimary Treatment95% C.I.95% C.I.O.R.LowerUpperO.R.LowerUpperMale1.10.71.61.30.91.9Internal medicine0.90.71.30.90.61.2Age \< 400.60.31.20.60.31.2South region1.30.91.81.20.81.6Urban practice1.00.71.40.90.61.3ACO/HMO practice1.51.02.21.30.91.9Hospital practice1.80.84.13.71.49.5Male CPV patient1.00.71.53.12.14.4CPV patient age \< 600.10.00.20.30.20.5  *Case Type*Post-prandial excursionRef.----Ref.----Medication changes2.01.33.20.90.61.5Co-morbidity36.716.880.12.91.65.3  Round 21.20.81.81.20.81.8Intervention arm0.90.61.41.10.71.7  Round 2 \* Intervention1.30.72.31.00.61.8  Constant0.30.20.60.70.41.2

Next, we ran another regression analysis, adding ordering of HbA1c as an explanatory variable to the model. Ordering HbA1c was associated with higher overall quality (+6.8%, p \< 0.001) and diagnosis + treatment (+3.7%, p = 0.003), but it was not linked with an improvement in determining the etiology (O.R. 0.7, 95% C.I. 0.5--1.1) or correctly changing the patient's hypoglycemic medications (O.R. 1.3, 95% C.I. 0.9--2.0). Ordering HbA1c testing made directional positive but statistically insignificant improvements in the effectiveness of the 1,5-AG. Above and beyond HbA1c testing, those that ordered 1,5-AG testing had a higher overall score (+2.7%, p = 0.044), were better at diagnosis + treatment (+0.9%, p = 0.592), were more able to identify the etiology (O.R. 1.3, 95% C.I. 0.7--2.4), and correctly adjusted medications (O.R. 1.0, 95% C.I. 0.6--1.8).

Lastly, we went back to the survey and looked at the provider's perception of their patient's glycemic control collected at the end of each case. In the intervention group, those that had the 1,5-AG test results were more aware that their patients were poorly controlled, 75.9% in the 1,5-AG versus 55.7% in the control group. This is seen particularly in case \#4 (the patient put on prednisone) (57.1% vs 20.0%, p = 0.003) and case \#5 (s/p transfusion) (67.5% vs 21.2%, p = 0.001) and \#6 (gestational diabetes) (67.5% vs. 32.5%, p = 0.003).

Discussion {#s0040}
==========

Diabetes management is both highly variable and dependent on measuring HbA1c levels [@b0105], [@b0110]. In certain patients, with short term or recent changes in their glycemic control, relying on a test that provides a 3-month average of glycemic control is unlikely to help when patients with wide swings in their glucose control, for example after eating or in patients with a recent change in their clinical status, such as the addition of a steroid, a transfusion, or pregnancy.

The GLUCAR study used six simulated patients to determine if testing with 1,5-AG would lead to better overall care, recognition of poor glycemic control or change in treatment. 1,5-AG, 510(k)-cleared by the FDA in 2003, is an attractive test for these patients. The test is sensitive to changes in glycemic control for the prior one to two weeks, uncovers early changes in glycemic control, and is predictive of an increased risk of coronary heart disease, stroke, heart failure, and death, even after adjusting for Hb1Ac [@b0065].

In this prospective randomized controlled design, we found that 1,5-AG modestly improved the overall quality of care for all patients. The 3.2% (p = 0.025) improvement is clinically significant [@b0085]. By case, providers found that 1,5-AG testing was most helpful in patients that were started on prednisone and to a lesser degree post-prandial hypoglycemia requiring a decrease in medications, but while these two cases met the statistical threshold of p \< 0.05, this was not true for the other cases. 1,5-AG was also helpful in determining the etiology and improving the diagnosis and treatment in medication-induced hyperglycemia. Interestingly, providers that used 1,5-AG were significantly more likely to be aware that their patients had poor glycemic control. Another interesting but non-statistical finding is that providers that ordered a HbA1c and a 1,5-AG did better than controls on several outcome measures.

Diabetes management is multifactorial and we previously demonstrated that significant heterogeneity exists among physicians in how they manage diabetes [@b0110]. We hypothesized that there would be a stronger impact from 1,5-AG testing for all of the cases with poor short-term glycemic control, but we found that the addition of a single blood test, did not resolve all the ambiguities of diabetes management. 1,5-AG has been previously described as having benefit in identifying hyperglycemic excursions that are not evident with HbA1c testing. Accordingly, we found that 1,5-AG testing was helpful in the case with (steroid) medication-induced hyperglycemia. Use of prednisone is clinically ubiquitous in the outpatient setting [@b0115]. In the other cases of poor glycemic control, there was a positive trend but the effect was modest and failed to reach statistical significance. In cases with hypoglycemia (\#2 and \#3), 1,5 AG, based upon the results above, did not provide additional benefit. Other studies may be helpful to increase our understanding of the benefits of 1,5-AG testing. This would include evaluating other common medications that are associated with increased rates of hyperglycemia and glycosuria such as second-generation antipsychotics, fluoroquinolone antibiotics and benzodiazepines. Clinically, doctors are particularly concerned with post-prandial glycemic excursions [@b0120]. These patients, as reflected in case \#1, may need more hypoglycemic agents or they may need less, as reflected in case \#2. Based upon our findings, we recommend confirmatory studies involving medication induced hyperglycemia and more providers to see if there is statistical and clinical effect on cases of post prandial hyperglycemia.

If true, the economic benefits from 1,5-AG testing in diabetes patients with medication changes are potentially significant. We know that in the United States there are 23.1 million people diagnosed with diabetes and an additional 7.2 million who are undiagnosed [@b0005]. If we assume 1 in 20 of the known patients with diabetes and one-half of the patients with undiagnosed diabetes have some glycemic variability, then this means roughly 4.8 million people in the United States have poorly controlled glycemia. From other studies, we know that fair---as opposed to excellent---control costs approximately \$292 more in healthcare costs annually [@b0025]. If we can assume that 2% of this population has been prescribed a medication that increases insulin resistance and that the clinical outcomes of patients with glycemic variability are similar to patients whose glycemic control is fair (as opposed to excellent), this amounts to an added cost of approximately \$28 million (=4,800,000 \* 2% \* \$292) to the healthcare system.

This study demonstrated why there is widespread interest in measuring clinical utility using simulated patients [@b0125]. Utility studies that solely rely on patient outcomes are expensive and subject to unobserved biases that will mislead payers [@b0130]. Simulated patients control for patient variability, focus on whether provider practice has changes and control for unobserved heterogeneity [@b0080]. Simply put, if the GLUCAR study design had been carried out using real patients instead of simulated patients, it would have cost millions of dollars to reach the same conclusion. Payers insensitive to these costs and unwilling to trust modeling and simulations risk thwarting diagnostic, drug and device advances while harming the innovators they seek to encourage [@b0135].

This study has a number of important limitations. Due to the significant heterogeneity in diabetes management and multitude of treatment options available to physicians, it is possible that the study was underpowered, and a larger sample size might have revealed that the positive trends we saw were statistically significant. While the effect size of 3% was small, incrementally improving care in such an important and large group of patients would be helpful and 1,5-AG did improve overall care quality. We did not formally test if other tests of short-term glycemic control, such as fructosamine and glycated albumin, had a similar effect. While physicians could have ordered these tests within the context of the cases they evaluated, they did not. Our beneficial findings are potentially tempered by the timing of the test: detectable change in 1,5 AG could be encumbered by access to testing but they also might be enhanced by patient self-monitoring. Future research would, ideally include a sensitivity analysis to determine if the treatment changes associated with 1,5-AG testing were tempered or enhanced by self-monitoring of blood glucose and access to care after steroid treatment. Although efforts were made to match the demographics of practicing PCPs in the United States, our final participant population could have been systematically different from the population at large. Another shortcoming is that although we attempted to test a wide range of common patient presentations, there are other, untested presentations where the effect of 1,5-AG would be more pronounced.

HbA1c is a proven useful measure to determine long-term glycemic control. What is equally clear, is that HbA1c is unhelpful in patients with recent glycemic changes. This study shows that physicians struggle to recognize and treat these patients. The addition of 1,5-AG did not prove helpful in all of the patient types but it increased physician awareness of poor control and consistently helped in medication induced hyperglycemia due to steroid use.
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